OVARIAN FOLLICULOGENESIS REFERS to the development of follicles leading to either ovulation or degeneration. This degeneration process is called atresia. In mammals, it has long been recognized that the majority of follicles present at birth become atretic, so that only Ͻ1% of follicles ovulate during ovarian follicular growth and development (53, 107) . Thus, the most highly probable fate for a follicle is to degenerate by entering atresia. This process may be considered as physiologically normal, allowing the ovary to generate the ovulatory quota characteristic of the species, at each sexual cycle.
A number of studies in antral growing follicles have indicated that follicular atresia is initiated and caused by apoptosis (programmed cell death) of granulosa cells (53, 56, 71, 107) . Two general pathways have been suggested to be involved in the physiological induction of apoptosis: negative induction by survival factor withdrawal and positive induction by the binding of a specific ligand, such as tumor necrosis factor-alpha or Fas ligand, to its membrane receptor (41) . In follicles, apoptosis is triggered when endocrine and/or intra-follicular concentrations of survival factors, particularly gonadotropins and some growth factors, are inadequate (93) . It is now recognized that a diverse spectrum of pro-and antiapoptosis susceptibility genes are thus expressed in germ cells and/or somatic cells of the ovary, including members of the BCL2 and caspase gene families (108) . Many of these genes are regulated by gonadotropins and growth factors, and changes in the temporal pattern of cell death gene expression suggest that an intimate association exists between the products of these genes and the activation of apoptosis.
The biochemical characteristics of apoptosis have been investigated to discover causative factors and markers identifying follicles at the early stages of atresia. Results from studies of ovarian gene expression in vivo and in vitro have indicated that ovarian products, such as steroid hormones, transforming growth factor family members, insulin-like growth factor (IGF) 1, IGF-binding proteins (IGFBPs), and inhibins could play a role in atretic process (2, 42) . However, most of this information has been acquired based on candidate-gene approaches.
In the present study, we propose a high-throughput transcriptomic approach to get a better understanding of the molecular actors, their regulatory genes, and physiological networks involved in pig follicle atresia. A specific microarray has been developed to identify genes expressed in granulosa cells along the terminal ovarian follicle growth in the pig (17) . This represents a useful tool to study porcine ovarian follicular atresia. The aims of this study were 1) to analyze global gene expression changes in pig granulosa cells of ovarian follicles during atresia and 2) to identify the gene networks and propose new candidates genes that can further serve as targets to characterize and modulate atresia in granulosa cells.
MATERIAL AND METHODS

Collection of ovaries.
Estrous cycles of 10 sows were synchronized by oral administration of 20 mg/day altrenogest (Regumate; HoechstRoussel, Paris, France) for 18 days. Ovaries were removed by laparotomy 24 or 96 h after the last altrenogest feeding. All procedures were approved by the Agricultural and Scientific Research agencies and conducted at an INRA experimental farm (animal experimentation authorization C37-175-2) in accordance with the guidelines for Care and Use of Agricultural Animals in Agricultural Research and Teaching.
Granulosa cell isolation and RNA extraction. Once ovaries were collected, all visible (Ͼ1 mm in diameter) antral follicles were isolated carefully under a binocular microscope. After dissection, follicle diameter was measured. Only follicles measuring 1-2 mm were kept, and granulosa cells were recovered from all individual follicles as described previously (78) and stored at Ϫ80°C until RNA extraction. For each follicle, a sample of granulosa cells was smeared on a histological slide and then stained by Feulgen reagent to determine follicular quality (76, 77) . The quality of each follicle was assessed by microscopic examination of smears according to classical histological criteria; follicles were judged healthy (noted SHF for small healthy follicle), when having frequent mitosis and no pyknosis in granulosa cells, or atretic (noted SAF for small atretic follicle), when no mitosis and numerous pyknotic bodies in granulosa cells were observed. This method of classification has been previously demonstrated as particularly relevant since it very well reflects the level of expression of markers of follicular growth such as LH receptor, aromatase, and PAPP-A (73) .
Within each sow, the follicles were pooled by quality classes, to generate SHF (small healthy follicle) and SAF (small atretic follicle) categories, respectively. Total RNA was extracted from SHF and SAF according to the technique described by Chomczynski and Sacchi (25) with minor modifications (46) . The quality of each RNA sample was checked through the Bioanalyser Agilent 2100 (Agilent Technologies, Massy, France) and low-quality RNA preparations were discarded (RNA integrity number Ͻ8).
Microarray hybridization. After RNA quality check, 16 independent RNA samples were obtained, corresponding to 7 SHF samples and 9 SAF samples, respectively. A porcine microarray produced by CRB-GADIE (http://crb-gadie.inra.fr) and published in the Gene Expression Omnibus (GEO) database as GPL3729 (https://www.ncbi.nlm. nih.gov/projects/geo/query/acc.cgi?accϭGPL3729) was used to hybridize the RNA samples as previously described (17, 18) . cDNA from luciferase was present on the array as positive control (193 spots), and water was included as negative control (64 spots). Microarrays were first hybridized with a 33 P-labeled oligonucleotide sequence present in all PCR products to control the quality of the spotting process and to evaluate the amount of DNA in each spot (26) . After being stripped, the arrays were hybridized with 33 P-labeled complex probes synthesized from 5 g of each RNA sample, using SuperScript II RNase H reverse transcriptase (Invitrogen, Cergy-Pontoise, France). Each complex probe was hybridized on membrane exposed for 1, 3, or 7 days to radioisotopic-sensitive imaging plates (BAS-2025, Fujifilm; Raytest, Courbevoie, France). The imaging plates were scanned thereafter with a phosphor imaging system at 25 m resolution (BAS-5000, Fujifilm, Raytest). Hybridization images obtained from oligonucleotide and complex probes were quantified using the semiautomated AGScan software (22, 26) .
Microarray data management. The experimental design, its implementation, and the handling of data comply with MIAME standards (19) , and all the experimental data were managed with BASE software (90) , adapted by the SIGENAE bioinformatics platform (http:// www.sigenae.org) to manage radioactive experiments.
Microarray data analysis. Raw data and normalized data were submitted to the GEO database as GSM596969 (https://www.ncbi.nlm. nih.gov/geo/query/acc.cgi?accϭGSM596969).
Data exploration and statistical analysis were performed using R software (http://www.r-project.org). The data coming from complex probes hybridization were analyzed on a natural logarithmic scale. As a first step, negative spots with Ͼ7 intensity values were checked on images and replaced by the median of negative spots in case of obvious overshining effect or hybridization stain. Then, luciferasepositive controls were removed, and the correlations of the gene expressions from each membrane were examined within condition. Hybridizations with a correlation coefficient Ͻ0.80 were discarded. Spots with low signal value (below the average of empty spots ϩ 3 standard deviations) were considered as unexpressed and were excluded from the analysis. Finally, the negative control spots were removed and the remaining data were centered for each membrane.
The significance of the follicle status (SAF or SHF) on gene expression levels was assessed by a Student's t-test (P Ͻ 0.05), followed by the Benjamini-Hochberg procedure controlling false discovery rate (FDR 5%) for each cDNA (9) .
The relevance of the selection procedure was further evaluated via an unsupervised hierarchical clustering using the Ward method and Euclidian distance with the R functions hclust and heatmap (24) .
Sequence annotation. Each cDNA sequence was compared with Refseq_rna mammalian database using the National Center for Biotechnology Information's blastn program (http://blast.ncbi.nlm.nih. gov/Blast.cgi). Blast results with an e-value Ͻ1e-3 were parsed and filtered to keep queries matching a gene or an mRNA or a CDS and possessing a global coverage of at least 70% of the query sequence. Resulting hits were sorted out according to their closeness to the pig genome, their coverage, and sequence identity. The selected cDNA sequences were submitted to the HUGO (Human Genome Organization) gene nomenclature committee, using their RefSeq IDs (http:// www.genenames.org). Then, HUGO gene symbols were used as gene names.
Quantitative PCR analysis of target gene expression. Total RNA (1 g) used in microarray experiments (SAF, n ϭ 5; SHF, n ϭ 5, among the samples used for array analysis) was reverse-transcribed as previously described (110) . Primer sequences for genes were designed using Beacon Designer 7.0 software (Premier Biosoft Int., Palo Alto, CA) and are given in Table 1 . The TCTP gene (translationally controlled tumor protein, accession number BX667045) and MT-CO3 gene (cytochrome C oxidase subunit III, accession number CT971556) were used as internal controls (17) . Quantitative real-time PCR was performed using SYBR green fluorescence detection during amplification on a Roche LC480 system (Roche Diagnostics, Meylan, France) according to the manufacturer's recommendations. Duplicates of each template, consisting of 3 l of a 1/10 dilution of the reverse transcription reaction, were loaded in 384-well plates with a 10 l PCR mix SYBR green Power master mix (Applied Biosystems, Courtaboeuf, France), and 0.15 M of forward and reverse primers (final volume 20 l) were added. The PCR amplification conditions were as follows: 50°C for 30 min, initial denaturation at 95°C for 10 min, and 40 cycles (95°C for 15 s and 60°C for 1 min). The last cycle was followed by a dissociation step (ramping to 95°C). The real-time PCR amplification efficiency was calculated for each primer pair with five 1:2 dilution points of the calibrator sample (pool of the 10 cDNA samples) and was not lower than 1.8. After determination of the threshold cycle for each sample, the PFAFFL method was applied to calculate the relative changes of each mRNA in each sample (83) . The relative expression was normalized by the corresponding geometric average of the two internal genes using geNorm v3.4 (113) . The significance of differential expression between SHF and SAF was tested by Student's t-test.
Pathway analysis. A pathway is an interconnected arrangement of processes, representing the functional roles of genes in the genome. The biological processes into individual genes may participate were approached using Gene Ontology (GO) database and AmiGO terms (http://amigo.geneontology.org/amigo). The significantly up-or downregulated genes involved in follicular atresia were assembled into networks using Ingenuity Pathway Analysis (IPA) (http:// www.ingenuity.com). This application provides computational algorithms to identify the biological pathways, functions, and biological mechanisms of selected genes. Statistical significance of pathway representation was established with respect to a null distribution constructed by permutations. Functional analysis was done using all genes that compose the array as "set reference." A threshold network score of 40 as the highest score obtained with the help of the gene set reference was applied to select the highest significant networks for further analysis.
Search for upstream regulators. To propose upstream regulatory candidates that may have participated to differences in gene expression patterns between SAF and SHF, a recently developed web tool (http://keyregulatorfinder.genouest.org/) (13) was used. This methodology provides a reasonable number of upstream regulatory candidates from a submitted list of regulated genes, and success has been demonstrated for different case studies. In the present experiment, the differentially expressed genes were identified by their official gene symbol and submitted to analysis. The sign of variation was assigned to show the expression levels between SAF and SHF samples ("ϩ" when upregulated in SAF vs. SHF, "Ϫ" when downregulated, and "?" when sign of variation between groups was not consistent for different probes of the same gene). The software output is a list of specific regulatory candidates. A postprioritization of the candidates was made by calculating the intersection with the differentially expressed genes in the input list, using Jvenn software (6) .
RESULTS
Differentially expressed genes in follicle atresia.
Follicles dissected from ovaries of cyclic sows were classified into two different categories based on individual diameter and quality traits assessed by histological examinations. Small healthy follicles (noted SHF) were then compared with small atretic follicles (noted SAF) for high throughput expression patterns. After normalization, 4,675 out of the 8,959 transcripts present on the pig cDNA array were found to be expressed in ovarian porcine follicles. Using the criterion of FDR Ͻ 5%, we identified 1,684 transcript spots as significantly regulated between SHF and SAF (Supplemental Table S1 ). (The online version of this article contains supplemental material.)These transcripts included 1,339 known cDNAs and 345 unknown cDNAs (Supplemental Table S1 ). The 1,339 annotated transcripts corresponded to 1,223 unique HUGO genes. The unsupervised hierarchical clustering ( Fig. 1) shows that the 1,684 differentially expressed cDNAs separated the two experimental groups corresponding to SAF and SHF status. Among the 1,684 cDNAs, 770 were upregulated in atretic follicles (SAF) and 914 in healthy follicles (SHF). When we used a cut-off of |2| in fold-change between conditions, 142 genes were upregulated in SAF group (Table 2) , whereas 145 genes were downregulated in those follicles compared with SHF (Table 3 ). In addition, some genes have undergone a very high fold-change (up to 17-fold) between follicle conditions, indicating that their expression level was very sensitive to atresia. About 11 genes notably exhibited a higher than fivefold overexpression in SAF and very poor expression in SHF (defined as belonging to the group of 20% of the lower expressed genes on the microarray) and were thus considered potential biomarkers of atresia in porcine small follicles: DKK3, GADD45A, CAMTA2, CCDC80, DAPK2, ECSIT, MSMB, NUPR1, RUNX2, SAMD4A, and ZNF628.
Quantitative PCR validation. Eight of these genes, chosen as being representative for differential expression levels in microarray between SHF and SAF, were further examined by quantitative (q)PCR (Fig. 2) . As expected, higher expression levels for GADD45A, CLU, and HMOX1 were confirmed in SAF compared with SHF, whereas LRP8, GSTA1, and CSNK2B exhibited decreased expression in the former compared with SHF. Notably, fold-change in expression levels for CLU, LRP8, and GSTA1 between SHF and SAF categories was largely higher for qPCR than for microarray analysis (9.3 vs. 3.6, Ϫ26.9 vs. Ϫ2.7, and Ϫ42.3 vs. Ϫ10.5, respectively). The qPCR analysis also confirmed a trend to an increased expression level (P ϭ 0.1) for CDKNB1 in SAF compared with SHF. Finally, SH3GLB1, which was found as a nondifferentially expressed gene between experimental groups in microarray, did not differ between those groups in qPCR analysis. Thus, we confirm the reliability of the microarray approach for a set of genes with various expression ranges and profiles.
Gene ontology. Using IPA we carried out a network analysis on the differentially regulated genes (FDR Ͻ 5%, foldchange Ͼ |2|) between SAF and SHF categories. A total of 210 genes out of 287 were grouped in several relevant functional networks. Three highly significant biological networks with direct relationships between the differently expressed genes were identified. Genes participating in these three networks are shown in Supplemental Table S2 . The first network relates to endocrine system disorders and reproductive system diseases and involves 71 genes, with a majority of them, 46 out of 71, being downregulated under atresia. The second network is related to cancer and to cell death and survival; it involves 78 genes, with 44 being upregulated and 34 being downregulated under atresia. The last significant network is related to cell Table 1 .
Sequences of oligonucleotide primers tested by quantitative RT-PCR analysis
Gene Name Sense Primer (5=¡3=) Anti-sense Primer (5=¡3=)
death and survival, cell morphology, and reproductive system development and function and involves 61 genes (35 genes were upregulated and 26 genes were downregulated under atresia). Figure 3 shows nodes and edges of the first regulatory network related to endocrine system disorder, pointing on TP53 and N3RC1 genes as the central nodes.
Search for upstream regulators. The 287 differentially expressed genes (FDR Ͻ 5%, fold-change Ͼ |2| between SAF and SHF) were automatically confronted with the literature data on mammalian cell signaling to hierarchize upstream regulatory candidates. A dedicated web tool algorithm (http:// keyregulatorfinder.genouest.org) was used, and a postprioritization of these candidates was made by comparing the list of candidates with the expression levels of these genes in SAH and SHF groups in the microarrays. Figure 4 shows the intersections of both lists; the detailed list of corresponding genes is in Supplemental Table S3 . Among those regulatory candidates, 44 were included in the list of upregulated genes with fold-change Ͼ2 and 49 as downregulated genes with fold-change Ͻ2 between SAF and SHF conditions. Two genes, ESR1 (fold-change ϭ Ϫ1.9) and NFKB1 (fold-change ϭ Ϫ1.3), were present in the list of differentially expressed genes having a fold-change Ͻ2 between conditions. Nineteen genes were proposed as potential regulators, without being stated as differentially expressed by the microarray experiment. Among those 19 genes, only four genes (CSRP3, JUN, NEF2L2, and STAT1) were present on the pig GPL3729 microarray; however, their signal intensities were below the cut-offs; this does not preclude a regulatory role via posttranslational processes.
The remaining 15 genes (ADGRA3, ADGRE4P, ADGRG1, AP2A1, ATF2, BHLHE41, FOS, GST, IFRD1, IRF9, NFYA, RUNX1, SPI1, USF1, and USF2) were absent from the microarrays.
DISCUSSION
We used a comprehensive gene expression profiling by means of microarray analysis to identify groups of genes differently expressed by follicular status in pig ovaries. Similar microarray approaches have been used previously to characterize sheep granulosa cells and oocytes during early follicular development (16), growing healthy antral pig follicles (18) , changes in granulosa cells gene expression associated with growth, plateau, and atretic phases in medium bovine follicles (29) , and granulosa cells in the theca interna from bovine ovarian follicles during atresia (47) (48) (49) . However, the present study is the first gene array analysis investigating ovarian follicular atresia in pigs. A large number of cDNA were found as differential between quality categories of follicles (healthy SHF vs. atretic SAF), and 287 differentially expressed annotated genes having a large fold-change between the two conditions were highlighted.
It has been previously proposed that apoptosis is the main biological process involved in follicular atresia (105, 106) . This coordinated process involves many posttranslational processes, particularly the activation of a group of caspases. However, as illustrated by Fig. 5 , a number of genes proposed by others as triggering apoptosis are not included in the list of differentially expressed genes between SAF and SHF conditions in the present experiment, although they were present in the microarray design. It is important to note that previous studies did not necessarily evaluate the presence of those genes in a similar context. In comparison between bovine follicles in the plateau phase and atresia stage (29) classical granulosa apoptosis markers such as FAS (TNF receptor superfamily, member 6) and BCL2-associated X protein (BAX) are not significantly different in their expression. This result is supported by the findings of (47) , showing that none of the caspases or Fas genes were differentially expressed in granulosa cells during atresia of bovine ovarian follicles. As previously shown (29) , since follicle-stimulating hormone is thought to modulate the dynamics of the growth, plateau, and atretic phases in bovine follicles, this corresponds to the steady BAX levels studied phases. As reviewed in Hatzirodos et al. (47) , most studies have been performed on antral follicles of a larger size (30, 54, 65) than those used in this experiment. It is possible that cell death mechanisms that operate in larger follicles are different from those at an earlier stage, where cells are under different hormonal control, LH in addition to FSH, and with focimatrix present (54) . An alternative explication is that only those granulosa cells in the atretic follicle with elevated expression of antiapoptotic genes are capable of surviving longer during the process of apoptosis (47, 88).
Functional networks involved in pig ovarian follicular atresia.
In the present study, three networks of co-regulated differentially expressed genes were mainly involved in the molecular differences between SAF and SHF groups. These networks included both down-and upregulated genes, suggesting that cellular changes (notably related to "cancer" and "reproductive system disease") may have occurred to counteract degenerative effects of other genes.
The first functional network is related to endocrine system disorders and reproductive system diseases. In this network, a decrease in the expression of some genes has been previously found to be associated with the atretic process. Particularly, we observed decreased expression levels of INHA, INHBA, and INHBB in SAF vs. SHF groups that is consistent with roles of inhibin family genes in atresia of granulosa cells. Inhibin inhibits pituitary secretion of follicle-stimulating hormone through negative feedback regulation (3, 14) . Amounts of inhibin precursors increase initially in the largest follicles, but intrafollicular amounts of the large-molecular-weight forms do not change further with differentiation to dominance (3). Inhibins have a role in controlling follicular development, through either regulation of systemic gonadotropins or local intraovarian modulation of the effects of the gonadotropins (87) . Previous research has shown that growing follicles contain increased total amounts of inhibin, whereas atretic and subordinate follicles contain decreased amounts of the largest precursor forms. Further studies are required to elucidate this mechanism. Follicles destined to become atretic are characterized by loss of capacity to produce estradiol and enhanced production of low-molecular-weight IGFBPs. These changes not only precede atresia but also occur before the cessation of follicular growth and changes in intrafollicular inhibins (101) . Downregulation of these genes as well as the CYP19A1 gene (second network) was described to be an accurate indicator of follicular health and showed an expression pattern being significantly different in growth, plateau, and atretic phases in medium bovine follicles (29) . Bonnet et al. (18) previously showed overexpression of the genes implicated in lipid metabolism network in granulosa cells during pig terminal follicular development. This finding is in agreement with differentiation mechanisms leading to fully steroidogenic granulosa cells in large antral follicles attested to by the overexpression of CYP19A1. This first functional network also includes upregulation of the transcription factor HNF4A (hepatocyte nuclear factor 4 alpha). In addition, there is a large increase in expression level of MSMB (beta-microseminoprotein) in SAF compared with the SHF group. This latter gene was rather downregulated in prostate carcinoma (27) ; downregulation of MSMB has been related to uncontrolled cell growth and enhance tumorigenesis (85, 102) . Alterations in MSMB gene expression are associated with the development of prostate cancer (45) . Upregulation of NUPR1 (nuclear protein 1) was also observed in SAF; this gene encodes proteins that inhibit apoptosis, Only fold-changes Ͼ2 between SAF and SHF categories are retained in this list. Ratio is inversed and preceded by a minus sign when value is Ͻ1. Position relative to the GEO accession number GPL3729. *Means of several positions with the same annotation.
promotes pancreatic cancer development, and protects cells from stress (44) , raising the question of its role in atretic follicles. A role for AKT2, coding for kinases controlling cell proliferation mechanism, has been also previously observed in cancers (7, 118) . The ADAMTS1 gene family is related to the cleavage of extramembranous domains (92) . The expression of this gene is increased significantly during follicular growth and atresia in small but not large follicles, and more in preovulatory follicles of older than younger cows (57) .
The second network is related to cancer and to cell death and survival. Many of these genes participate to the control of the actin microfilament network, including myosin-related genes. This may reflect changes in cell shape that generally accompany the atresia process in follicles. Actin is associated with Fig. 2 . Real-time quantitative (q)PCR validation of expression levels of target genes found differentially expressed between SHF and SAF by microarray analyses. Total RNA from pig granulosa cells of small healthy follicles (SHF, n ϭ 5) and small atretic follicles (SAF, n ϭ 6) were reverse-transcribed and submitted to real-time qPCR analysis for quantification of SH3GLB1, CLU, GADD45A, HMOX1, CDKNB1, CSNK2B, LRP8, and GSTA1 gene expression levels. Quantitative qPCR data (black histogram) are means Ϯ SE of relative expression to the reference genes TCTP and MT-CO3. PCR data are compared with normalized microarray data (white histogram) where SH3GLB1 was chosen as a nondifferentially expressed gene. Significant difference in qPCR analysis between means from SHF and SAF were obtained after a Student's t-test (after Welch correction for unequal variance): *P Ͻ 0.05, ***P Ͻ 0.001. granulosa cell shape changes during antral folliculogenesis (18) that may consequently affect steroid synthesis and proliferation. This network also includes two upregulated genes in the SAF category, CEBPD and CLU, which are involved in cell death, tumor progression, and neurodegenerative disorders (55, 120) . Among others, the growth arrest and DNA damageinducible, alpha (GADD45A) gene has been recently reported as an indicator of late atresia (29) . Indeed, GADD45A activity is required for the progression of apoptotic cell death in follicular atresia, as it controls cell cycle arrest, apoptosis induction, and DNA damage repair in response to DNAdamaging agents (119) . It has also been shown that transfection of a GADD45A expression vector has induced apoptosis, reportedly by interacting MEKK4/MTK1 and activating JNK/ p38 signaling, which induces apoptosis (103) . Douville and Sirard (29) have suggested that GADD45A activity is increasingly needed for the progression of apoptotic cell death in follicular atresia. These results highlight the fact that a particular gene expression pattern per stage reflects follicle growth or atresia.
In addition, the HIF1A gene was found to be downregulated in atretic follicles. It encodes the alpha subunit of transcription factor hypoxia-inducible factor-1 and plays an essential role in embryonic vascularization, tumor angiogenesis, and pathophysiology of ischemic disease. HIF1A induction is mediated by IGF1 in cells grown under normal oxygen concentrations, thus uncoupling HIF1A induction from oxygen deprivation (34) . Proapoptotic and antitumorigenic effects of HIF1A have also been reported (4) . Finally, mutations in RUNX2 (runtrelated transcription factor 2), a gene that was upregulated in SAF vs. SHF categories, have been correlated with cleidocranial dysplasia (40) and associated with a prostate cancer (84) . Upregulation in DKK3 induces apoptosis in cisplatin-resistant lung adenocarcinoma cells via the Wnt/␤-catenin pathway (115) . Another important gene in this network may be DAPK2, a member of the death-associated protein kinase (DAPK) family and related to apoptosis pathways (8) . This gene was also reported to be a modulator of TRAIL [tumor necrosis factor (TNF)-related apoptosis-inducing ligand] signaling (5) . Therefore, upregulated DAPK2 gene in atretic follicles suggests a DAPK2-mediated role of apoptosis process (36) in atresia.
The third network concerns cell death and survival, cell morphology, and reproductive system development and function. Among these genes, two are particularly interesting. The ECSIT signaling integrator was identified as a mitochondrial protein that has a neuroapoptotic role in Alzheimer's disease pathogenesis (99) . CCDC80 (coiled-coil domain containing 80) plays a role in cell organization and apoptosis, and inhibition of CCDC80 expression may notably be an important event in the development of colorectal and pancreatic cancers (15, 39) .
Our results are in concordance with our previous study where we described gene sets whose expression increases during the follicular development and decreases with atresia. The atresia process requires fewer new genes than the growth process (98) . Moreover, our finding corresponds to differentially expressed genes along the terminal follicular growth described by Bonnet and colleagues (18) . This study showed in particular downregulation of ribosomal protein, cell morphology, and ion-binding genes. Numerous genes whose expression increased during the terminal follicular growth were implicated in glutathione metabolism (GSTA1) and lipid metabolism (CYP19A). One of predictors is actin, which is associated with granulosa cell shape changes along antral folliculogenesis that may consequently affect steroid synthesis and proliferation. Altogether, these genes could form the basis for a future study to develop a panel of tissue indicators with the purpose of prognosis of this phenomenon.
Regulators and markers of porcine follicle atresia. If the genes are coexpressed during follicular atresia, it is highly probable that they are co-regulated, so a better knowledge of upstream actors responsible for the regulation of gene coexpression modules may provide new insights into molecular mechanisms controlling atresia. A study of upstream transcriptional regulators may provide additional information that can explain the observed gene expression changes in the list of studied genes. Such an investigation is made arduous by the fact that the key upstream regulator may be not included in the list of genes suggested as differentially expressed according to a threshold probability (13) . This approach was successfully used in our previous study to propose upstream transcriptional regulators that may participate in molecular flexibility in porcine adipose tissues in response to diet (38) . A large number of differentially expressed genes in our study encoded transcription factors. Moreover, using academic knowledge on reactions and regulations included in TRANSPATH database (59) and a dedicated algorithm to search and sort upstream regulatory molecular actors (13), we were able to propose upstream regulators to different genes and biological processes. Figure 4 summarizes the differentially expressed genes including upregulated genes (fold-change Ͼ2) and downregulated genes (fold-change ϾϪ2) between noted SHF and SAF, together with potential specific candidates acting as upstream regulators of these genes. This analysis notably highlights 93 genes as possible regulatory candidates of pig granulosa cell atresia, for which expression changes larger than twofold between conditions were also experimentally observed between SHF and SAF groups. Whereas most of them have not yet been described in follicular atresia, they are generally known as inhibitors of apoptosis, stimulators of apoptosis, or tumor suppressors. Among them, INHBB, HNF4, and CLU were again in evidence. In addition, different interleukins (IL5, IL24), TNF-associated receptor (TNFR1), and cytochrome-c oxidase (COX) may have played a key role in porcine atresia. upstream regulators in follicle atresia based on our results and on a literature review. Besides the upstream regulatory actors of pig follicle atresia, the present study also highlights 11 genes (DKK3, GADD45A, CAMTA2, CCDC80, DAPK2, ECSIT, MSMB, NUPR1, RUNX2, SAMD4A, ZNF628) with very sensitive expression to atresia (fold-change Ͼ5 in atretic vs. healthy follicles). All these genes belong to networks identified above and are linked to molecular functions related to proliferation of tumor cell lines and transcription regulation. It is thus proposed that they could further serve in a panel of tissue prognosis indicators of porcine follicle atresia. Six genes (GADD45A, RUNX2, CCDC80, DKK3, NUPR1, DAPK2) among these 11 genes and described above are functionally connected by two other transcription factors (NR3C1 and TP53) as illustrated in Fig. 3 . The NR3C1 (nuclear receptor subfamily 3, group C, member 1) gene encodes a glucocorticoid receptor, which can function both as a transcription factor that binds to glucocorticoid response elements in the promoters of glucocorticoid-responsive genes and as a regulator of other transcription factors. NR3C1 expression has been previously demonstrated to have importance in cancer (82) . As previously described (47), we suggest an association between atretic status and genes that are influenced by the p53 transcription factor. TP53 encodes the tumor protein p53, which responds to diverse cellular stresses to regulate target genes inducing cell cycle arrest, activation of apoptosis, senescence, DNA repair, or changes in metabolism (74) . The tumor suppressor protein p53 has a critical role in regulation of the Bcl-2 family of proteins (95) ; the expression of both Bcl-2 and Bax is regulated by TP53 (75) .
Conclusions
In the present study, we describe and analyze differentially expressed genes during atresia of pig antral follicles to generate regulatory networks and key genes in this process. Three functional networks were elicited, and they are helpful to elucidate critical biological processes leading to atresia. The present study also enlists key upstream regulators in follicle atresia based on our results and on a literature review. Identification of 93 upstream regulatory candidate genes, which are known in literature to be inhibitors of apoptosis, stimulators of apoptosis, or tumor suppressors, confirms their roles in porcine atresia. Eleven new markers of follicular atresia in granulosa cells are also proposed: DKK3, GADD45A, CAMTA2, CCDC80, DAPK2, ECSIT, MSMB, NUPR1, RUNX2, SAMD4A, and ZNF628. These genes could further serve in a panel of tissue prognosis indicators of porcine follicle atresia.
